INTRODUCTION
Protein-protein interactions are fundamental to a large variety of biological processes, including protein localization, competitive inhibition, allosteric regulation, gene regulation, and signal transduction. The stable and specific binding of two proteins requires shape, electrostatic, and chemical complementarity of the interacting surfaces, primarily determined by the conformation of the side chains in the interface. In nonobligatory complexes, these side chains serve double duty as they interact with a protein partner when it is present and with the solvent otherwise. Proteins are dynamical objects, and it is expected that many of the side chains significantly change conformation when adapting to a different environment. Proteins are found to increase the nonpolar area of their interfaces on the association. 1 Such conformational changes have traditionally been described in terms of the induced-fit model. 2 In many systems, there is also evidence 3-5 for the conformational selection model, involving selection from an ensemble of pre-existing states. 6-8 According to this model, a folded protein does not have a single unique structure, but it is regarded as an ensemble of similar structures having similar energy contents that are in rapid fluctuation with each other. Thus, the free-energy landscape of the protein consists of many local minima of similar energies, and the heights of the energy barriers separating the minima define the timescale of conformational exchange. 9 If the barriers are low relative to the Boltzmann energy (k B T), thermal fluctuations can lead to a significant population of the visited conformational states. Following binding, the ensemble of conformations undergoes a population shift, redistributing the states, and both conformational selection and induced fit appear to play roles. 8,10
ABSTRACT
The goal of this article is to reduce the complexity of the side chain search within docking problems. We apply six methods of generating side chain conformers to unbound protein structures and determine their ability of obtaining the bound conformation in small ensembles of conformers. Methods are evaluated in terms of the positions of side chain end groups. Results for 68 protein complexes yield two important observations. First, the end-group positions change less than 1 Å on association for over 60% of interface side chains. Thus, the unbound protein structure carries substantial information about the side chains in the bound state, and the inclusion of the unbound conformation into the ensemble of conformers is very beneficial. Second, considering each surface side chain separately in its protein environment, small ensembles of low-energy states include the bound conformation for a large fraction of side chains. In particular, the ensemble consisting of the unbound conformation and the two highest probability predicted conformers includes the bound conformer with an accuracy of 1 Å for 78% of interface side chains. As more than 60% of the interface side chains have only one conformer and many others only a few, these ensembles of low-energy states substantially reduce the complexity of side chain search in docking problems. This approach was already used for finding pockets in protein-protein interfaces that can bind small molecules to potentially disrupt protein-protein interactions. Sidechain search with the reduced search space will also be incorporated into protein docking algorithms.
It is easy to show that many surface side chains of a protein move among a number of conformers thereby forming an ensemble of substates. Even static X-ray crystallography reveals alternative conformations for a number of side chains. In addition, different conformations are frequently observed when the same protein is crystallized in other space groups under different conditions, 11 and alternative conformations for important side chains are sometimes observed in the asymmetric unit of the same crystal. For example, the Arg 288 side chain has two substantially different conformations in the ligand-free structure [Protein Data Bank (PDB) code 1prg] of the peroxisome proliferator activated receptor gamma (PPAR-g) ligand binding domain. 12 Recently, it was emphasized that many side chains may have conformers that are not seen in the final X-ray structure. Alber and coworkers 13 systematically sampled the electron density around each dihedral angle in a test set of 402 structures determined at 1.5 Å resolution or higher and showed that 15% of the residues with unbranched side chains had unmodeled secondary electron-density peaks below the normal noise threshold. These peaks are significantly enriched at lowenergy rotameric positions, supporting the interpretation that they reflect true minor populations. Nuclear magnetic resonance methods developed over the past decade also allow the structural characterization of weakly populated states in the conformational ensemble. 14 As shown by the various side chain rotamer libraries (SCRLs), 15,16 some of the longer side chains have many conformers. However, there is substantial evidence that a given protein environment reduces the number of conformational states. Moreover, the evidence also suggests that relatively small ensembles of the low-energy states in the unbound protein also include the conformation seen in a protein-protein complex. For many side chains the ''ensemble'' consists of a single conformer, that is, the conformation does not change between unbound and bound states. For example, Stroud and coworkers 17 have shown that the conformational changes in proteins interacting with small ligands can be relegated to a few specific residues and that it is possible to find a minimal manifold of structures that can be used as input to a more exactly defined docking target. Edelman and coworkers 18 analyzed a large database of complexes formed between proteins and small ligands, and they showed that in 85% of cases only three or fewer side chains in the ligand binding pocket change conformation on binding. Kimura et al. 19 suggested that in protein-protein binding, a number of ''key'' side chains act as readymade recognition motifs by acquiring bound-like conformations before any physical interaction with the receptor. This hypothesis was found to be consistent with molecular dynamics (MD) simulations of three proteins in explicit solvent as well as by the structural conservation of key residues in some protein families. These results were confirmed by Rajamani et al. 20 who performed nanosecond-scale MD simulations of 11 proteins, showing that the side chains that are most important for recognition spend substantial fractions of the simulation time (30-90%) in rotameric states that are close to their conformations in the complex. Thus, the set of high-probability conformers that are compatible with the unbound protein also includes the bound state. Supporting this observation, Li et al. 21 recently noted that the residues that form the energetic hot spots in protein-protein interfaces are frequently located in pre-existing pockets. In 16 out of the 18 analyzed complexes, the root mean-squared deviation (RMSD) between the bound and unbound states of the atoms lining these pockets was found to be as small as 0.9 Å , implying that the unbound and bound forms of the pockets are very similar. Smith et al. 22 studied the extent to which the conformational fluctuations of proteins in solution reflect the conformational changes that they undergo when they form binary protein-protein complexes. According to extensive MD simulations, residues that get buried in the core of the interface on binding are less mobile in the free protein and assume conformations similar to those in the bound state. All of these results indicate that the ensemble of potential conformers in the unbound protein carry substantial information about the conformers of the bound state.
The main goal of this article is to reduce the complexity of the side chain search within docking problems. As shown by Baker and coworkers, 23 accounting for side chain flexibility can substantially improve the accuracy of docking results, but repacking all interface side chains in an iterative docking algorithm is computationally very expensive. These computational costs can be substantially reduced if the search is restricted to certain side chains and to a limited number of conformers even for such moveable side chains. To achieve the goal of reducing the number of side chain conformers to be considered in docking, we show that relatively small ensembles of side chain conformers generated from the unbound protein structures, include the bound conformations with specified accuracy. We explored six different methods of conformer generation, four of which rely on the backbone-dependent SCRL of Dunbrack and Karplus, 15 and the remaining two on an end group position library that was developed for this article (see Methods section). In all cases, the initial conformers are adjusted to account for the local protein environment either by removing the conformers that lead to steric clashes or by performing energy minimization. The ensembles generated by the six different methods are compared with the bound and unbound states, primarily in terms of side chain end group positions. The rationale for using this measure rather than torsional angles or RMSD is that molecular recognition is determined by the shape of the interacting proteins and by the positions of hydrophobic, polar, and charged patches on the interface. Nevertheless, additional comparison of methods in terms of torsional angles is provided as Supporting Information.
For the comparison of the six methods, we consider a large set of protein complexes for which the structures of unbound component proteins are also available. For each side chain in the unbound structure, we check for the presence of the bound conformation in small ensembles of low-energy conformers. Based on this data, we can calculate the number of conformers required to achieve some required accuracy. The analysis expands on our earlier studies 19,20 that used nanosecond-scale MD simulations of the individual proteins in explicit solvent to characterize potential side chain conformational states, but due to the high computational costs, the MD simulations were restricted to 11 complexes. In contrast, here we study proteins from 68 complexes, and the results provide the statistics required to make substantially more general statements on the predictive performance of minimal ensembles of side chain conformers. As will be shown, for more than 60% of the interface side chains the ensemble includes only the unbound conformer, whereas for others only a few low energy states. Thus, our calculations can substantially reduce the complexity of side chain search in docking problems. This approach was already used for finding pockets in protein-protein interfaces that can bind small molecules to potentially disrupt protein-protein interactions. 24 Side chain search with the reduced search space will also be incorporated into protein docking algorithms, but due to the larger number of side chains this will be somewhat more difficult.
METHODS

Side chain end group definitions
Assuming that the backbones do not significantly change, the interactions between two proteins are primarily determined by the positions of certain side chain functional groups generally located close to the end of the side chains. Here, we used the positions of the end groups, shown in column 2 of Table I , to describe the side chain conformations and to measure conformational changes. Given an interface side chain, these groups have a high probability of being buried in the protein-protein interface and being at least partially exposed to solvent in the unbound proteins. Some of the end groups are defined as a middle point between two side chain atoms to account for ambiguity of placement or symmetry of these atoms.
Test set for determining the minimal ensemble of conformers
We selected a set of 68 binary protein complexes from the protein-protein docking benchmark version 3.0. 25 Protein pairs that were parts of a larger than binary complex were excluded. The set includes 32 enzyme-inhibitor complexes, 24 antibody-antigen complexes, and 12 ''other'' type complexes (Supporting Information Table I ). In each complex, we identified the interface side chains as those being less than 5 Å from any atom of the partner protein.
While structures of both unbound proteins are available for all enzyme-inhibitor and other type complexes, the antigen-free antibody structure is not known for about half of the antibody-antigen complexes, and hence only the interface side chains of the antigens are considered in our study. The total number of selected interface side chains was 2294. The composition of the set by residue type is shown in the third column of Table I . Starting from the unbound structures, we generated the ensembles of side chain conformers by six different methods and tested these conformers for the closeness to the known bound conformation. The closeness was measured as a distance between the corresponding end groups after placement of the generated and bound conformers to a local backbone-based coordinate system, in which C a is at the origin, the C a -N vector defines the x-axis, and the yaxis is along the component of the C a -C vector perpendicular to the x-axis. The z-axis is obtained by the vector product of x and y. A side chain conformer satisfies the 1 Å accuracy criterion if the distance between its end group and the end group in the bound protein structure is less than 1 Å . We present the average accuracy of the six methods for generating conformer ensembles in the Results section for 1 and 2 Å accuracy thresholds.
Methods of conformer generation
We use six different methods to generate ensembles of conformers for the interface side chains. In all methods, the side chains are considered one-by-one, while keeping In the second method, we use the conformation from the unbound structure as the first conformer. The remaining conformers are obtained from the backbone-dependent SCRL, excluding both the sterically clashing rotamers and the ones that are closer than 1 Å to the unbound conformation in terms of the end group distance. The method is named rotamer library with unbound conformer (RLU).
In the third method, we perform energy minimizations, starting from the rotamers of the backbone-dependent SCRL, to reach local minima. The method is, therefore, named RL with minimization (RLM). The interface side chains are considered one-by-one in the minimizations, with all others being fixed in their unbound state. The energy function for the minimization includes the bonded and van der Waals terms of the Charmm potential, 26 and the electrostatic/solvation term based on the analytical continuum electrostatics model. 27 A minimization run either succeeds by ending in a local minimum or fails if the initial steric clashes cannot be resolved. To each minimized conformation from a successful run, the probability of the corresponding initial rotamer is assigned. After finishing all minimizations, the resulting conformations are clustered based on their end-group positions. We use the clustering radius of 1 Å and a simple greedy algorithm. For each end group position, we first count the number of neighbors within the 1 Å radius. The position with the highest number of neighbors is selected as a first cluster center, and the structures within 1 Å (i.e., the members of the first cluster) are removed. Next, we again select the position with the highest number of neighbors within the 1 Å radius to form the second cluster. This is repeated until the entire set is exhausted. For each cluster, we define a non-normalized probability by adding the probabilities of all cluster members. Finally, we rank the clusters according to their cumulative probabilities and consider the centers of the few highest ranking clusters as predicted conformers.
In the fourth method called RL with unbound conformer and minimization (RLUM), the conformation from the unbound structure is selected as the first conformer. The rest of the method is the same as the RLM method but cluster centers within 1 Å of the unbound conformer are excluded. For the fifth method, we developed a conformer library based on side chain end group positions (see below). Apart from selecting conformers from the end group library, this method, called end group library with minimization (EGLM), is the same as the RLM method.
EGLM uses local minimization with subsequent clustering to identify separate local minima. For each side chain type, column 6 of Table I shows the maximum number of such minima, obtained by applying the method to the interface side chains in our protein test set. The highest numbers are obtained for Arg (38) and Lys (36) side chains. Method six is developed from method five by adding the unbound conformer as the first conformer before the minimization. Thus, the method is named end group library with unbound conformer and minimization (EGLUM).
Development of a conformer library based on side chain end group positions End group libraries of rotamers, specified in Cartesian coordinates, have been used previously for conformational studies. 28 Our library is based on the nonredundant high-resolution subset of the PDB selected in the Dunbrack lab. This set was selected from all types of secondary structure. Side chains with electron density in the bottom 10 percentile were removed. All instances of side chain conformations were considered without differentiating surface and core positions. Table I (column 4) shows the number of such end groups for 18 amino acid types. Glycine and alanine side chains are excluded from consideration as each has only one possible conformer. To obtain a statistics of the end group positions, we placed each amino acid residue into a local coordinate system based on the N 2 C a 2 C atoms. The aligned conformations are clustered based on the positions of their end groups. We use a clustering algorithm similar to the one described for the RLM method. Again, for each end group position, we first count the number of neighbors within the 1 Å radius. The first cluster center has the highest number of neighbors. The second cluster center has the highest number of members among the structures, which do not belong to the first cluster. This procedure is repeated until all end groups are clustered. For each cluster, we define an occupancy by counting the number of end group positions within the 1 Å radius around the cluster center. In this step, we account for all positions, even for the ones that are members of a higher ranked cluster, and thus the sum of cluster occupancies generally exceeds the total number of end group positions. The resulting clusters define the potential conformational states for each side chain (Table I, column 5).
RESULTS AND DISCUSSION
Bound conformations in the ensemble of unbound states
The two central hypotheses of this article are that (1) for a large percentage of interface side chains, a small ensemble of low energy conformers, generated for the unbound protein, also includes the bound conformation and that (2) the required low-energy conformers can be obtained for each side chain separately, while keeping all others in their unbound states. We study the validity of these hypotheses for a test set of 68 protein complexes that include enzyme-inhibitor and antigen-antibody pairs, as well as other, primarily signal transduction, complexes. We first investigated the ability of six side chain conformation generation methods to reproduce the bound conformation in terms of the end group positions. As in the modeling of protein complexes it is advantageous to consider the minimum number of side chain conformers required to achieve a specified accuracy, we focused on generating small ensembles. Table II summarizes the average capability of the methods to generate a conformer, which is closer than 1 or 2 Å to the bound state, in ensembles of 1-10 conformers, averaged over all 2294 interface side chains of the protein test set.
The clash filtered backbone-dependent RL method generates a close-to-bound top rotamer in 55% and 67% of cases, respectively, for 1 and 2 Å accuracy. If the unbound conformation is used as the top rotamer (RLU method), the average success rate increases to 63% and 76%. Thus, 63% of interface side chains do not change their conformation more than 1 Å , and 76% more than 2 Å , on binding. The use of the unbound conformation is also beneficial when several conformers are considered, and the RLU method consistently outperforms the RL method. When only the first rotamer from the backbone-dependent RL is used with local minimization (RLM method), the success rates for 1 and 2 Å accuracy are 52% and 65%, respectively. However, RLM performs better than RL when two to five rotamers are considered with accuracy 1 Å , and significantly better than RL for more than two rotamers with 2 Å accuracy. The inclusion of the unbound conformation as a top rotamer above the locally minimized conformations (RLUM method) gives advantage over the previous three methods for small ensembles of three to six predicted rotamers.
With the 1 Å accuracy, the performance of the EGLM method, which uses the end group library with local minimization, is slightly lower than that of the RL method. However, EGLM outperforms RL for the 2 Å accuracy when generating ensembles of several conformers. The EGLM method also has the ability to generate conformations different from the unbound one. Adding the unbound conformation as the first conformer to the ones generated by the EGML method yields the EGLUM method, which provides slightly better performance than the other five methods. The advantage of the EGLUM method over RLU is small (1-2%) but is consistently present for all ensemble sizes and for both 1 and 2 Å accuracy thresholds.
The success rates somewhat differ between the three different types of complexes. The overall superiority of the EGLUM method is retained for enzyme-inhibitor and antibody-antigen protein complexes (Supporting Information Tables SIV and SV) . Here, we summarize the results of the EGLUM method with 1 Å accuracy. For enzyme-inhibitor pairs, the unbound conformer alone predicts the bound state for 65% of the side chains, and this is increased to 79% when we add the two highest probability predicted states. For enzymes, the starting accuracy using the unbound state is 71%, which improves to 83% when adding two predicted states. For inhibitors, the starting value is only 58% and adding two more states yields only 75% accuracy. These differences are easy to explain as inhibitors are generally more convex in shape than enzymes, and the interface side chains have more freedom to move in the unbound state making their bound position more difficult to predict. For antibodies and antigens, adding two predicted conformers to the unbound conformation yields a 17% improvement resulting in the overall accuracy of 76%. The antibody side chains are predicted with 83% accuracy versus 72% for the antigens. For the other type protein complexes (Supporting Information Table SVI), the best performing methods at the ensemble size of 3 and accuracy of 1 Å are the backbone dependent, unbound enriched methods RLU and RLUM. They show 78% success rate with 16% improvement when adding the two highest ranked states. The EGLUM method trails them with a slightly lower success rate of 77%. Table I shows the definition of the side chain end groups we monitor in our study and the number of side chains extracted from the high-resolution nonredundant subset of the PDB. The end groups of eight side chains in Table I are defined as a middle point between two atoms of the corresponding residue. These two atoms are either symmetrically equivalent or are somewhat ambiguous in terms of placement into crystallographic electron density. For each residue type, we also show the number of clusters obtained by clustering the observed end group positions in a local coordinate system aligned to backbone atoms. The centers of these clusters constitute our initial end group library that was used to provide the starting points for the minimization runs in the EGLM and EGLUM methods. Similar to a RL, the cluster centers and the corresponding occupancy numbers define the discrete distribution of the a priori end group positions, that is, without accounting for the protein environment. Although restricting considerations to end group positions rather than considering all torsional angles removes some of the redundancies, the numbers of states are generally not much smaller than the ones in the standard SCRL 15 used in the RL, RLU, RLM, and RLUM methods. In fact, we have many conformers for the long side chains Lys and Arg for which the end group positions distribute over a relatively large volume. As an illustration, Figure 1(A) shows the distribution of observed positions of the NZ atoms (shown as cyan spheres) of Lys residues selected from the PDB and aligned to a common N 2 C a 2 C frame. Red spheres show the centers of the 1 Å clusters obtained from this distribution representing the members of the end group library for Lys. Figure 1 (A) also shows (in green) the conformation of the Lys 549 side chain in the structure of the unbound von Willebrand Factor A1 domain (PDB code 1AUQ) as well as the two highest ranked (i.e., highest probability) cluster centers (in magenta and yellow, respectively). Note that the unbound conformation of the side chain is outside of the densely populated regions of the original distribution. Figure  1(B) shows the same three Lys 549 conformers as well as the conformation in the bound state (shown in cyan). Notice that the highest ranked predicted conformer (magenta) is much closer to the bound conformation than to the unbound one. Figures 2 and 3 show the success rates of the six side chain generation methods for each of the 18 amino-acid types and for small ensembles with up to three conformers. For the 2 Å accuracy (Fig. 3) and for an ensemble size of three conformers, the end group-based EGLUM method (shown in green) performs as well or better than the other methods for all amino acids except for Gln, Glu, Lys, and Met. These four side chains are better generated by the RLUM method based on backbone-dependent Success rates of finding the bound conformation with 1 Å accuracy in small ensembles of side chain conformers. Results are shown for the six side chain conformer generation methods and for each side chain type separately, averaged over the 68 protein complexes in the test set. Vertice-down triangles, vertice-up triangles, and circles show, respectively, performance for ensembles with one, two, and three conformers. For each side chain, results for the six methods are shown from left to right as follows: RL, magenta; RLU, cyan; RLM, brown; RLUM, blue; EGLM, red; and EGLUM, green.
Prediction of bound conformers for different side chain types
Side Chains for Protein-Protein Interactions Figure 3 Success rates of finding the bound conformation with 2 Å accuracy in small ensembles of side chain conformers. All notations are the same as in Figure 2 . SCRL (shown in blue). For Pro and Val with 2 Å accuracy, the success rate of all six methods is 100%. As can be also seen in Table II , the local minimization is beneficial for approaching the bound conformation in the 2 Å range.
For 1 Å accuracy (Fig. 2) and an ensemble size of three conformers, the EGLUM method (shown in green) is as good as the others for Arg, Asn, Asp, Cys, Gln, Glu, Ser, Thr, and Tyr. It is better than the others for Leu, Pro, and Trp. For His, Met, and Phe, the best performer is the RL method (shown in magenta). The unbound conformer-enriched RLU method (shown in cyan) performs best for Lys and Val side chains. The RLUM method (shown in blue) performs better for Ile.
In this work, we use the end group distance metrics to calculate the accuracy of the methods. To provide comparison with other methods, however, we also calculated the accuracy in terms of the more commonly used v 112 metrics. According to this measure, a conformer is close to the bound conformation when the difference in v 1 (and, if present, in v 2 ) is less than 408. The results for this v 112 metrics are presented in Supporting Information Figure S1 .
Removal of clashes for long side chains
Long side chains are known to undergo significant conformational changes on the protein-protein association. 1 Here, we emphasize that considering several rotamers is generally very useful for docking even when the accuracy of the long side chain prediction is relatively limited. This was first demonstrated using the fast side chain refinement program FireDock, which adjusts the conformations only for some of the interface side chains. 29 The analysis of FireDock results has shown that although side chain accuracy was not improved, by removing some clashes the method generally improved scoring and provided better overall docking results. Although the long side chains have limited success rate of the prediction with the 1 Å accuracy, adding the highest ranked conformers helps to remove clashes. To show that this is the case, we calculated the rate of finding a nonclashing conformer for Arg and Lys side chains (Fig. 4) . The unbound protein structures and their bound states were globally superimposed to detect steric clashes, defined as resulting in a van der Waals energy in excess of 50 kcal/mol. Using only unbound conformers, Arg and Lys have no clashes with the partner protein in 70 and 73% of cases. After adding the two highest probability conformers generated by the EGLUM method, the percentage of clash-free side chains increases to 83% for Arg and to 82% for Lys. These numbers increase to 92% when considering 21 conformers for Arg and to 93% when considering 17 conformers for Lys.
Independence of ''moving'' side chains
The simplicity of our analysis is based on the assumption that the highly populated states of each side chain can be determined while keeping all other side chains in their unbound conformational states. Thus, we assume that the side chains that have multiple alternative conformers, and hence can change conformation on binding, mostly interact with side chains that are fixed in their unbound conformational states. We think that results of the previous two sections justify this approximation. Indeed, the small ensembles based on this assumed noncooperativity provide good predictions of the bound conformation for a very large percentage of the side chains, particularly if we allow for 2 Å deviations from the true positions of the end groups.
Biophysical implications
The results of this article confirm that 63% of the surface side chains do not change conformation on binding (possibly apart from a minor readjustment of less than 1 Å ), and that the rest of the side chains select conformations close to one of their low energy (high probability) states in the unbound protein. The limited complexity of side chain rearrangement on binding is in good agreement with both thermodynamic and kinetic expectations. From a thermodynamic perspective, the important implication is that the side chain entropy loss on binding is substantially lower than the values calculated using generic conformer libraries for determining the degrees of freedom in the unbound proteins.
The reduced complexity is even more important for explaining the relatively high observed values of protein- Figure 4 Success rates of finding a nonclashing conformer for Arg and Lys side chains (shown in red and green, respectively) as functions of the number of conformers generated by the EGLUM method.
Side Chains for Protein-Protein Interactions protein association rates. The maximum rate constant for this process, 10 9 M 21 s
21
, is given by the Smoluchowski equation that describes the collision rate for two uniformly reactive spherical molecules in solution. 30 A successful reaction between two proteins must meet the additional constraint that small reactive patches on a particular face of each protein are properly aligned. 31 The probability of satisfying this condition in a random collision is very small, suggesting that the reaction rates should be several orders of magnitude lower than the diffusion-limited collision rates. However, it was shown that long-range electrostatic effects can heavily bias the approach of the molecules to favor reactive conditions, increasing the rates as high or higher than 10
. 31,32 Rates that are two to three orders of magnitude higher than expected can also be observed for complexes without strong electrostatic interactions, which was explained in terms of desolvation effects. 33 In both cases, the fast association is at least partly due to the fact that key side chains of the unbound proteins have conformations similar to those observed in the bound complex and thus form ready-made recognition motifs that facilitate the formation of stable encounter complexes. The need for reduced side chain rearrangement on binding also seems to be important. Schlosshauer and Baker 34 developed a simple diffusional model that predicts protein-protein association rates in the correct range, but only when neglecting any possible free-energy barrier caused by side chain freezing during complex formation, and any possible slowing down of diffusion within the binding funnel caused by the potential ruggedness of the landscape. 34 Our results demonstrate that the majority of side chains do not have to move, while the rest have only a few potential conformational states and are largely independent of each other, make meeting these conditions much more likely, assuring diffusioncontrolled association.
Implications for protein-protein docking
Our results are in good agreement with a number of observations concerning protein-protein docking. First, the fact that a large percentage of side chains do not change conformations on binding explains why rigidbody docking methods still compete with approaches that account for side chain flexibility. 35 It appears that the ability to perform rigid but global sampling, for example, using a fast Fourier transform correlation method may be more important than capturing the correct side chain conformations, particularly if a smooth (i.e., reduced sensitivity) scoring function is used for the docking. Even in Rosettadock, 23 where the interface side chains are repacked in the docking process, the packing algorithm varies the conformation of only one residue at a time while keeping the other side chains fixed; a full, combinatorial rotamer optimization is performed only once every eight cycles. Our results, obtained at the assumption of relative independence of the moving side chains, fully support this approach. Moreover, our results also imply that, given two unbound protein structures, the burden of side chain search can be further reduced. In fact, it is possible to identify, before to docking, the side chains that have multiple potential high-probability states and restrict the conformational search to such ''moveable'' side chains and a set of discrete conformers for each of them. Precalculating an ensemble of protein structures is a well established and effective way of dealing with receptor flexibility in protein-small molecule docking. 36-40 The approach is eminently feasible in that case because the protein-ligand interface generally includes only a few moveable side chains. 17 As mentioned in the Introduction section, this approach was already used for finding pockets in protein-protein interfaces that can bind small molecules to potentially disrupt protein-protein interactions. 24 As the interface and the number of moveable side chains are generally much larger in protein-protein complexes, docking all pregenerated alternative structures is not computationally effective. However, it is possible to design effective side chain search algorithms that restrict consideration to the moveable side chains and their potential conformational states.
CONCLUSIONS
There is an inherent contradiction concerning the behavior of side chains in protein-protein association. On one hand, the large number of conformers for many side chains suggests that there is a huge number of potential conformational states, which would imply both substantial loss of conformational entropy on binding and would present a very difficult combinatorial problem for structure prediction. On the other hand, there is evidence that the number of feasible side chain arrangements is much smaller and that the conformational changes between the unbound and bound conformations are restricted to a few side chains, which implies smaller entropy loss and an easier structure-prediction problem. In addition, the smaller conformational changes also mean that the unbound protein structure provides substantial information on the bound state, which can be exploited in protein-protein docking. Although a number of studies support this second alternative, 17,29,39,40 we believe that this article provides the most systematic analysis of the problem so far.
We have developed six different methods of generating side chain conformers to the unbound protein structures and determined their ability of obtaining the bound conformation in small ensembles of conformers. Each method was evaluated in terms of the positions of side chain end groups. Two methods emerged as particularly promising.
The method called EGLUM is slightly more accurate than all the others but involves energy minimizations from a number of initial states provided by our end group library. The method RLU is almost as accurate, and as it requires only the removal of steric clashes involving a few energy evaluations rather than minimizations, it is substantially faster. Applied to the unbound structures of the component proteins before to docking, both methods determine the high-probability conformers for surface side chains. Results for 68 protein complexes show that more than 60% of the interface side chains have only one conformer and many others only a few, and thus predicting the ensembles of low-energy states substantially reduces the complexity of side chain search in docking problems.
